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Abstract
Background: Biochar is a solid coproduct of biomass pyrolysis, and soil amended with biochar has been shown to
enhance the productivity of various crops and induce systemic plant resistance to fungal pathogens. The aim of
this study was to explore the ability of wood biochar to induce resistance to the root-knot nematode (RKN)
Meloidogyne graminicola in rice (Oryza sativa cv. Nipponbare) and examine its histochemical and molecular impact
on plant defense mechanisms.
Results: A 1.2 % concentration of biochar added to the potting medium of rice was found to be the most effective
at reducing nematode development in rice roots, whereas direct toxic effects of biochar exudates on nematode viability,
infectivity or development were not observed. The increased plant resistance was associated with biochar-primed H2O2
accumulation as well as with the transcriptional enhancement of genes involved in the ethylene (ET) signaling pathway.
The increased susceptibility of the Ein2b-RNAi line, which is deficient in ET signaling, further confirmed that
biochar-induced priming acts at least partly through ET signaling.
Conclusion: These results suggest that biochar amendments protect rice plants challenged by nematodes.
This priming effect partially depends on the ET signaling pathway and enhanced H2O2 accumulation.
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Background
Rice is one of the most frequently consumed cereal
foods in the world. Based on current forecasts by the
Food and Agriculture Organization of the United Na-
tions (FAO), world rice production in 2015 will reach ca.
500 million tons [1]. However, the number of soilborne
pathogens (including nematodes) is increasing world-
wide because cultivation practices have been altered to
use less water, and these pathogens present a potential
threat to rice production [2]. Estimates of the annual
yield losses of rice as a result of damage by plant-
parasitic nematodes range from 10 to 25 % worldwide
[3]. One of the most damaging nematodes to rice is the
root-knot nematode (RKN) Meloidogyne graminicola
(Mg), which causes the formation of galls on the rice
roots. After penetrating the root elongation zone and
migrating intercellularly towards the root tip, RKNs
enter the vascular cylinder, where they puncture the cell
wall with their stylet and inject secretions from their
pharyngeal glands into the plant cell to induce a
permanent feeding site known as giant cells [4, 5]. In
intensive cropping systems, RKNs have been managed
for decades with chemical nematicides (e.g., temic, fura-
dan and fenamiphos). However, the potential negative
impacts of these chemicals to the environment and
humans have led to a ban or restricted use of most chem-
ical nematicides. With increased pressure on growers to
reduce nematicide usage and without effective alterna-
tives, there is increasing interest in induced resistance (IR)
or priming as new management tool for this destructive
pathogen.
Priming is a physiological state of enhanced defensive
capacity elicited by special stimuli, in which the innate
defenses of the plants are potentiated for rapid activation
upon subsequent challenge from fungi, bacteria, viruses,
or nematodes [6]. In general, two major pathways that
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lead to enhanced defense in plants have been described,
and they are differentiated by the nature of the elicitors
and regulatory pathways [7]. Systemic acquired resistance
(SAR) is associated with the production of pathogenesis-
related (PR) proteins and mediated by a salicylic acid
(SA)-dependent process and it usually starts with a hyper-
sensitive reaction that leads to local necrosis. Induced
systemic resistance (ISR) is triggered by several mecha-
nisms, such as by plant growth-promoting rhizobacteria
(PGPR) and fungi (PGPF), and mediated by a signaling
pathway in which the phytohormones ethylene (ET) and
jasmonic acid (JA) play key roles [6, 8]. Nahar et al. [9]
studied the JA/ET pathways and found that supplying
ethephon (a source of ET) or methyl jasmonate to rice
shoots induced a strong systemic defense response in the
roots against M. graminicola. Confirming the importance
of JA in plant defense against nematodes, the foliar appli-
cation of JA was also found to induce systemic defense
against RKNs in tomatoes [10]. However, Bhattarai et
al. [11] found that JA signaling through coronatine-
insensitive 1 (COI1) is required for the susceptibility of
tomatoes to RKNs.
The role of ET in root defense against nematodes is
also controversial. Nahar et al. [9] reported that ET acti-
vation of root defense against RKNs in rice is based on
intact JA biosynthesis. Confirming the role of ET in root
defense, Fudali et al. [12] showed that ET-overproducing
Arabidopsis plants are less attractive to RKNs. However,
ET might have a positive effect on root gall develop-
ment, which was observed by Glazer et al. [13] in toma-
toes. Overall, the roles of plant hormone pathways in
plant defenses against nematodes might vary depending
on the host species and may change over the course of
the infection process. These hormone pathways are also
not a prerequisite for induced defenses against nema-
todes, which was shown by Ji et al. [14], who found that
the non-protein amino acid beta aminobutyric acid
(BABA) can induce defense against RKNs in rice inde-
pendent of the JA and ET pathways, but rather acts
through activation of lignin and callose production.
One of the potential priming agents for induced plant
defenses that is currently receiving significant attention
is biochar, which is a high-carbon material produced
from the slow pyrolysis of biomass in the absence of air
and thus a by-product from the biofuel industry [15].
Certain biochar additions to soil have been shown to sig-
nificantly improve the soil tilth, nutrient retention and
availability to plants, and crop productivity [7, 16, 17].
The observed effects on crops resulting from biochar
soil amendments have primarily been explained by
improved nutrient retention [18], increased pH and
altered soil physical properties [19], improved mycor-
rhizal fungi colonization [20] and altered soil biological
community composition and abundance [18, 21]. Several
studies have demonstrated that soil-applied biochar can
induce systemic defenses in many plants against differ-
ent foliar fungal pathogens. The fungal foliar diseases
Botrytis cinerea and Oidiopsis sicula in tomato and
pepper were significantly reduced in biochar-amended
potting medium [7]. Two different biochars were found
to induce strawberry plant systemic resistance to three
foliar fungal pathogens with different infection strategies:
necrotrophic (B. cinerea), hemi-biotrophic (Colletotri-
chum acutatum), and biotrophic (Podospharea aphanis)
[22]. Graber et al. [23] presumed that this resistance
might result from either low-level stress exerted by
phytotoxic compounds contained in the biochar (e.g.,
ET and propylene glycol) or through larger populations
of beneficial microorganisms isolated from the biochar-
treated soils, such as the well-known ISR-inducing Tri-
choderma spp. [24]. Recently, Mehari et al. [25] observed
that biochar amendment resulted in an approximately
50 % reduction in B. cinerea disease severity in most of
the tested genotypes of Solanum lycopersicum. The
systemic resistance of S. lycopersicum induced by bio-
char amendment was shown to be related to stronger
and earlier hydrogen peroxide (H2O2) accumulation and
involved JA signaling.
Currently, data are limited on the effect of biochar on
plant parasitism by nematodes. The amendment of
poultry-litter biochar to the soil generally decreased the
number of plant-parasitic nematodes while increasing
the amount of free-living nematodes in the soil [26].
Matlack [27] conducted an observational study at the
landscape scale and could not detect a significant rela-
tionship between nematode populations and charred
materials in the soil. In addition, significant effects were
not observed on the total nematode abundance when
short-term biochar additions were practiced in wheat
fields [28]. However, biochar was found to have a high
sorption capacity for dichloropropene, a strong anti-
nematode fumigant. As a result, biochar-amendment to
the soil can increase the required dose of dichloropro-
pene to efficiently control nematodes [29]. These reports
have investigated the effects of biochar in the soil on
nematode populations and on chemical nematode con-
trol measures, whereas the indirect effects through the
activation of plant defenses against parasitic nematode
infections have not been investigated.
The present study was designed to test whether soil
amended with biochar was capable of inducing resist-
ance in rice plants against the RKN M. graminicola.
After establishing a beneficial effect, the role of defense-
related pathways, the generation of H2O2, and the
deposition of callose and lignin were investigated in the
treated and infected rice plants. The role of the ET path-
way was further investigated using an ET-insensitive line.
We found that biochar-induced defenses in rice against
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M. graminicola involves H2O2 accumulation in the rice
roots and is partially dependent on ET signaling.
Results
Biochar exudates do not present negative effects on the
survival and infectivity of nematodes
To evaluate the nematicidal effect of biochar on M. gra-
minicola, the nematodes were incubated in different
concentrations of biochar exudates. Significant differ-
ences in nematode mortality were not observed between
biochar exudates (6.6 ± 0.7 %) and water (7.2 ± 0.6 %)
24 h after initiation of the bioassay at doses ranging
from 0.3 to 5 % biochar (Fig. 1a). Similar results were
also observed when the nematodes were incubated in
biochar exudates for 72 h (Fig. 1a). These data suggest
that biochar exudates do not have a direct nematicidal
effect on M. graminicola at the doses tested.
To verify whether biochar can hamper the infectivity
of RKNs, the nematodes treated with biochar exudates
or water (as control) were inoculated in rice roots.
The nematode penetration and development were re-
corded at 7 and 14 dpi (Fig. 1b). At 7 dpi, most of the
nematodes developed to third-stage juveniles (J3). The
mean number of nematodes inside the roots and their
development was not different between the biochar-
exudate treated and control nematodes (Fig. 1b and c).
At 14 dpi, most of the nematodes had developed into
adult females. Again, significant differences were not ob-
served in the number of adult females or the total num-
ber of nematodes in the biochar exudate-treated and
water-treated nematodes (Fig. 1b and d). The ratio of
adult females among the biochar exudate-treated nema-
todes (91.6 ± 7.4 %) was similar to that in the water-
treated nematodes (93.2 ± 7.1 %). Overall, our data show
that incubation of M. graminicola in biochar exudates
did not inhibit their penetration or delay their develop-
ment inside the rice roots.
Soil amended with biochar reduces the infection of
M. graminicola in rice without restraining plant growth
Recently, relatively low concentrations (1 %) of four
biochars prepared from two feedstocks at different pyroly-
sis temperatures were found to suppress the damping-off
of Rhizoctonia solani in beans, whereas a higher concen-
tration (3 %) provided ineffective disease protection [30].
Thus, the effect of different biochar doses deserves more
attention. To evaluate the potential of biochar as a prim-
ing agent, different concentrations of biochar were added
to the SAP-substrate, and plant susceptibility was evalu-
ated at 14 dpi. The results revealed that the biochar
amendment reduced the number of galls per g of root and
the number of nematodes per g of root at all of the tested
concentrations (Fig. 2a). However, the best effect was
observed at a concentration of 1.2 % biochar in SAP.
Therefore, all further experiments were executed with this
optimal biochar concentration of 1.2 %.
In subsequent experiments, the growth parameters
were assessed by analyzing the length and fresh weight
of the roots and shoots of 4-week-old plants (Fig. 2b).
When comparing the RKN-infected plants with non-
infected plants, slight but significant reductions in the
root length and total plant height were observed in the
RKN-infected plants. Although 1.2 % biochar alone did
not have a significant effect on the analyzed growth
parameters, the biochar amendment partially alleviated
the negative effects caused by the RKN-infection.
At the optimal concentration of 1.2 %, amendments of
biochar significantly reduced the total number of root
galls at 14 dpi (Fig. 2c). In addition, the development of
nematodes in biochar-amended roots was slightly delayed.
The number of adult females in biochar-amended roots
was slightly lower than that of non-amended plants,
whereas a higher number of fourth-stage juveniles (J4s)
were observed in biochar-amended roots compared with
that of non-amended plants (Fig. 2d).
Root exudates often attract nematodes and trigger egg
hatching in certain plant-parasitic nematode species
[31]. To verify whether biochar impedes the ability of
the plant to attract M. graminicola, rice roots were
drenched with biochar exudates or water 1 d before
inoculation. At 9 hpi, approximately 20.2 ± 3.1 % of the
nematodes were attracted to the biochar-treated root
tips, which was not significantly different from those
attracted to the non-amended root tips (23.3 ± 3.2 %)
(p>0.05) (Fig. 3a, b). This result indicates that the tested
biochar exudates do not prevent the attraction of M.
graminicola to rice.
A microscopic analysis of the nematode feeding sites
inside the galls revealed that significant morphological
differences did not occur in the giant cells formed in the
biochar-amended roots versus the non-amended roots.
Most of the giant cells were still enlarged cells with
multiple nuclei, dense cytoplasm, and thickened cell
walls (Fig. 3c).
These data demonstrate that biochar amendments at a
concentration of 1.2 % delay the development of the
RKNs but do not change the root attractiveness or the
giant cell morphology. However, at this concentration,
biochar amendments to the soil can reduce the negative
effect of RKNs on plant growth.
Biochar amendment does not induce callose deposition
in root galls
The addition of BABA to protect rice plants from RKNs
was previously shown to be correlated with enhanced
glucan synthase-like gene (OsGSL1) mRNA levels and
callose deposition in the gall tissue [14]. To investigate
whether biochar has a similar mode of action, the
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Fig. 1 Direct effect of the biochar exudates on the behavior of M. graminicola (Mg). a Percentage of dead juveniles 24 h and 72 h after incubation in
various concentrations of biochar exudates and water. b Penetration and development of biochar-incubated and water-incubated M. graminicola in
rice roots. c Biochar-incubated and water-incubated nematodes were inoculated on rice roots and photographed at 7 dpi. d Biochar-incubated and
water-incubated nematodes were inoculated on rice roots and photographed at 14 dpi. The bars in the different graphs represent the mean ± SE of
the data from three independent biological replicates, each containing 6 individual plants. Different letters indicate statistically significant differences
(Duncan’s multiple range test at p≤ 0.05). J2: second stage juveniles. J3: third stage juveniles. J4: fourth stage juveniles
Fig. 2 Effects of biochar amendments on plant growth and nematode infectivity in rice roots. a Root galls and nematodes per gram root in
biochar-amended (different concentrations) and non-amended rice roots were counted at 14 dpi. b Plant height and fresh weight were measured
at 14 dpi. c Root galls per plant on the 1.2 % biochar-amended and non-amended rice roots were counted at 14 dpi. d Nematodes per root in
different developmental stages in the 1.2 % biochar-amended and non-amended rice roots were counted at 14 dpi. The bars in the different
graphs represent the mean ± SE of the data from three independent biological replicates, each containing 6 individual plants. Different letters
indicate statistically significant differences (Duncan’s multiple range test at p≤ 0.05)
Huang et al. BMC Plant Biology  (2015) 15:267 Page 5 of 15
expression of this callose synthase-encoding gene, OsGSL1,
was investigated by quantitative reverse transcriptase PCR
(qRT-PCR) in biochar-amended and non-amended plants.
At 24 hpi, the transcription level of OsGSL1 was signifi-
cantly down-regulated in the biochar-amended plants
compared with the control plants (Fig. 4a). Significant
differences were not observed in inoculated plants,
whether biochar-amended or non-amended, although in
both cases, a trend towards lower expression of this gene
was observed. Confirming these results, the prominence
and density of callose spots in biochar-amended galls were
Fig. 3 Effect of biochar on the attractiveness of rice roots to
M. graminicola and microscopic observations of giant cells induced
in the root system. a Attraction of M. graminicola towards the root
tips of rice after root drenching with 1.2 % biochar exudates or
water were observed under a Leica stereomicroscope with a
DFC400 camera. b Nematodes in the vicinity of the root elongation
zone were counted at 9 hpi. The bars represent the mean ± SE of
the data from 6 replicates. No significant differences were found
(Duncan’s multiple range test at p > 0.05). c Sections of giant cells in
the biochar-amended root galls and non-amended root galls were
stained with toluidine blue and observed at 7 dpi under an Olympus
BX 51 microscope with a ColorView III camera. Multiple sections of
10 galls were evaluated and the figure shows one representative
section for each treatment
Fig. 4 Effect of biochar-amendment to the growth medium on callose
biosynthesis in the rice root system. a The relative transcript levels of a
callose biosynthesis gene (glucan synthase-like gene, OsGSL1) at 24 hpi
were analyzed using qRT-PCR. The gene expression levels were
normalized using three internal reference genes, OsEXP, OsEif5C
and OsEXPnarsai. The data are shown as the relative transcript
levels normalized to the control roots (expression level in the control
set at 1). The bars represent the mean expression level ± SE from two
independent biological replicates , each containing a pool of 6 plants.
Asterisks indicate significantly different expression levels in comparison
with the control roots. b Callose deposition in the root galls at 7 dpi was
examined under UV light using a Nikon Eclipse Ti-E epifluorescence
microscope (excitation 390 nm; emission 460 nm). c Quantification
of callose deposition was performed using ImageJ software.
The data presented are the mean ± SE of two independent
experiments, each performed using ten galls. Different letters
indicate significant differences (Duncan’s multiple range test
at p ≤ 0.05)
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similar to those in the non-amended galls at 7 dpi (Fig. 4b
and c). These data suggest that biochar amendments do
not induce callose deposition after nematode invasion.
Biochar amendment induces H2O2 accumulation but not
lignification in root tissues
H2O2 is an important reactive oxygen species (ROS)
and essential to the induction of defense responses in
plants. This experiment was conducted to investigate
whether biochar is capable of generating ROS for the
induction of defense against M. graminicola. First, the
H2O2 levels were measured in the plant roots at three
different time points, and the results showed that
biochar amendments alone led to higher H2O2 levels
in the rice roots (Fig. 5a). Upon Mg-inoculation (in
non-amended SAP), an increase in the H2O2 levels
was also observed. However, in biochar-amended
inoculated plants, the H2O2 levels increased to signifi-
cantly higher levels at all of the investigated time
points, indicating a priming effect. A quantitative ana-
lysis of OsRbohB, an NADPH oxidase gene involved
in the plant immune response [32], showed that the
transcription level of OsRbohB was significantly up-
regulated in plants that received biochar amendment
alone compared with non-amended non-inoculated
control plants at 24 hpi (Fig. 5b). However, significant
differences were not observed in biochar-amended inocu-
lated plants and non-amended inoculated plants. Most
likely, the root knot nematode interferes with the induc-
tion of this gene or its induction happens at other time
points than those studied here.
The increased production of H2O2 is known to cause
the polymerization of monolignols by peroxidase and
subsequent formation of lignin [33]. Lignin confers
mechanical strength to plant secondary cell walls, which
contributes to basal defenses against plant-parasitic
nematodes [34]. Prior to nematode inoculation (0 h),
the lignin level in the roots receiving the biochar
amendment alone was similar to that in the non-
amended roots (Fig. 5c). At 24 hpi, slightly stronger
lignification was observed in the biochar-amended in-
oculated roots, although the difference was not statis-
tically significant. These data indicate that biochar
amendments do not strongly promote lignin
synthesis.
Biochar-induced defense in rice against M. graminicola is
partly mediated by the activation of ET signaling
ET can be produced from the pyrolysis of biomass,
although the production of ET varied drastically across
different evaluated biochars [35]. To investigate the
importance of the ET pathway in biochar-induced resist-
ance against RKNs, the expression levels of genes
involved in ET responses (OsERF70, OsERF1, OsEBP89),
ET biosynthesis (OsACS1, OsACO7) and ET signaling
(OsEIN2) were analyzed.
The transcription of the ET response genes OsERF1
and OsEBP89 was significantly up-regulated in the
biochar-amended plants (Fig. 6a), whereas OsERF70 was
not significantly affected by these treatments. The two
ET-biosynthesis genes showed inconsistent results, with
OsACO7 slightly induced by all treatments and OsACS1
repressed by the treatments, although none of these
values were significantly different from the control
plants (Fig. 6b). Transcription of the ET signaling gene
OsEIN2 showed a minor but non-significant induction
following all treatments (Fig. 6c).
To obtain a more detailed understanding of the role of
the ET response in biochar-induced defenses against
RKNs, an Ein2b-RNAi line deficient in ET signaling was
investigated (Fig. 6d). Confirming our earlier observa-
tions (Fig. 2a), the number of nematodes at 14 dpi was
reduced in the biochar-amended Nipponbare plants.
However, significant differences were not observed
between the biochar-amended and non-amended plants
in the Ein2b-RNAi line. These results imply that the ET
signaling pathway is required for biochar-induced defense
against M. graminicola in rice.
Discussion
In this study, we investigated the effect of biochar on
different stages of the infection process of the RKN M.
graminicola in rice. All of the experiments were per-
formed using biochar pyrolyzed from holm oak wood.
The executed in vitro bioassays showed that the biochar
exudates did not have a direct negative effect on the
survival or infectivity of the RKNs.
After optimization of the concentration, our data
showed that amending the SAP-medium with biochar at
a concentration of 1.2 % not only reduced the number
of galls formed on rice roots but also delayed the devel-
opment of the nematodes in the roots. Biochar-induced
resistance has been previously reported in other plants
against different pathogens. Tomato plants treated with
biochar pyrolyzed from citrus wood suppressed grey
mold and powdery mildew caused by Botrytis cinerea
and Leveillula taurica [7]. Biochar prepared from pepper
plant waste suppressed three foliar diseases (B. cinerea,
C. acutatum, P. aphanis) with different infection strat-
egies in strawberry plants [22]. Recently, biochars pyro-
lyzed from eucalyptus wood chips and pepper plant
wastes were found to be effective at decreasing the
severity of R. solani infection in beans [30]. There is no
standard recommended application dosage for biochar;
however, the level used in this research was similar to
the levels commonly reported in the literature [7, 22].
Biochar does not contain an indigenous consortium of
microorganisms that can potentiate disease suppression,
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and the potential methods by which biochar induces
systemic plant defenses against microbes has been docu-
mented in a review by Lehmann et al. [21]. The suppres-
sion of soil pathogens by biochar may stem from several
mechanisms, including improved nutrient solubilization
and uptake, which helps enhance plant growth and
resistance to the stresses of pathogens; microbe stimula-
tion, which promotes direct competition or parasitism
against pathogens; or induced plant defense mechanisms
[36]. The research presented here focused on the latter
option, and to the best of our knowledge, this is the first
report describing the biochemical and molecular prim-
ing mechanisms in response to biochar amendments to
plants against RKN infection.
Among the biochemical responses involved in plant
defense, callose deposition within the cells has been
correlated to resistance in plant-pathogen interactions
[37]. Callose (in the form of papillae) deposited on
infections may help to reinforce the cell wall and act as
a physical barrier to slow pathogen invasion [38]. In
Arabidopsis, the overexpression of RAP2.6 enhanced
callose deposition in the syncytia and increased the
resistance of Arabidopsis against Heterodera schachtii
[37]. In addition, BABA application to rice was shown to
induce a strong defense response that was correlated
with increased callose deposition in the infected tissue
[14]. However, our results showed that biochar amend-
ments do not induce callose deposition in the root galls
upon nematode inoculation. There was also no signifi-
cant increase of OsGSL1 mRNA in biochar-amended
inoculated plants.
Previous research showed that the production of ET
after biochar amendment had a significant impact on a
range of soil and plant metabolic activities [21, 36].
Spokas et al. [35] evaluated the ET production potential
Fig. 5 Effect of biochar-amendment to the growth medium on H202
accumulation and lignin levels in the rice roots. a H2O2 content per
gram of root was measured upon reaction with KI and detection
using a CLARIOstar Microplate Reader at 390 nm. The bars represent
the mean ± SE of four replicates, each containing a pool of six roots.
Different letters indicate significant differences (Duncan’s Multiple
Range Test at p≤ 0.05). b Relative transcript levels of the H2O2 syn-
thesis gene (OsRbohB) at 24 hpi were analyzed using qRT-PCR. The
gene expression levels were normalized using three internal refer-
ence genes, OsEXP, OsEif5C and OsEXPnarsai. The data shown are the
relative transcript levels compared with the control roots (expression
level set at 1). The bars represent the mean expression level ± SE
from two independent biological replicates, each containing a pool
of 6 plants. Asterisks indicate significantly different expression levels
in comparison with water-treated control roots. (p≤ 0.05). c Lignin
content in the roots of rice amended with 1.2 % biochar or water
was determined using the acetylbromide assay. Root samples were
collected before inoculation (0 h) and 24 hpi. The bars represent the
mean ± SE of the lignin content of 6 plants. Different letters indicate
significant differences (Duncan’s multiple range test at p≤ 0.05)
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from 12 different sources of biochar and observed that
ET production increased (21.5 %) in non-sterile soil
compared with sterile soil. This exogenous ET produc-
tion from biochar-amended soil might induce resistance
in plants to pathogens [21, 35]. In addition, biochar
amendments have been shown to activate the SAR or
ISR pathways in plants. For instance, after the applica-
tion of 1–3 % biochar in the potting medium of straw-
berries, the relative expression of five defense-related
genes (FaPR1, Faolp2, Fraa3, Falox, and FaWRKY1) in
leaves was significantly increased. FaPR1 and Fraa3 are
indicators of the SAR pathway, whereas Falox is corre-
lated with the ISR pathway of induced resistance, indi-
cating that biochar amendment triggered SA- and JA/
ET-related gene expression in the leaves [22]. Recently,
Mehari et al. [25] found that high ET sensitivity as well
as SA accumulation was not required for biochar-
mediated IR in tomatoes. However, JA deficiency pre-
vented biochar-elicited IR and blocked the priming of
H2O2 synthesis upon infection in tomato. The qRT-PCR
analysis in the present research showed that the exogen-
ous biochar application potentiated the increased ex-
pression of ET response genes OsERF1 and OsEBP89 in
rice and indicated that the effect of biochar on the rice
plants was dependent on ET signaling through OsEin2B.
Previous research from our group showed an import-
ant role of ET in the activation of JA-dependent defense
against RKNs [9]. Confirming the role of ET in defense
against RKNs, Fudali et al. [12] showed that ET-
overproducing Arabidopsis plants are less attractive to
RKNs. However, because ET is known to induce cell
expansion and inhibit lignification, it was suggested that
this plant growth regulator plays a major role in the
development of nematode feeding sites at later time
points of the infection process. As argued in the review
by Kyndt et al. [39], ET most likely plays different roles
at different stages of the nematode infection process,
including (1) a restraining role, which occurs through
the activation of nematode repellents and JA biosyn-
thesis, and (2) an activating role, potentially through its
positive effect on auxin biosynthesis, thus facilitating the
radial expansion of the giant cells. The data provided by
this study show that biochar-induced defenses in rice
against the RKN M. graminicola acts at least partly
through ET signaling. However, because we did not
observe differences in attractiveness or giant cell devel-
opment in the biochar-treated plants, further studies are
required to investigate the genes and pathways that are
specifically activated in the treated plants.
Our data provide evidence for biochar amendments
to counteract the growth inhibition caused by nema-
tode infection of rice plants. However, a microarray of
biochar-treated Arabidopsis and lettuce indicated that
the biochar-induced positive growth effects were
accompanied by a down-regulation of a large suite of
plant defense genes, including the JA biosynthetic
pathway, defensins and most categories of secondary
metabolites [40]. In contrast, our results suggest a
positive effect of biochar on plant defense at the
concentration of 1.2 %. Importantly, the experiments
of Viger et al. [40] used higher concentrations (5 %),
and it is known that an excessive activation of plant
growth causes a negative effect on plant defense
because of resource-limited trade-off effects.
H2O2 is an essential factor during the induction of
plant defense [41]. Based on previous research, H2O2
could be effectively activated by biochar, which produces
a hydroxyl radical (OH) to degrade 2-chlorobiphenyl
[42]. The increased production of H2O2 in plants can
lead to the polymerization of monolignols by peroxidase
and the formation of lignin [33]. The results emerging
from the current study demonstrate that biochar amend-
ments induce a slight accumulation of H2O2 at the early
time point, whereas subsequent nematode inoculation
combined with biochar amendment results in an even
stronger accumulation of H2O2 in the roots, suggesting
a priming effect on the oxidative burst by biochar
amendment. Similar results were reported by Taheri and
Tarighi [43] in riboflavin-induced resistance in rice
against R. solani, and enhanced H2O2 accumulation was
there correlated with a higher level of lignification in
riboflavin-treated inoculated plants. However, the results
presented here revealed that biochar amendments did
not induce enhanced lignin formation after the invasion
(See figure on previous page.)
Fig. 6 The effect of biochar-amendment in the rice growth medium on the ET-pathway in the rice roots. a Relative expression levels of OsERF1,
OsEBP89, OsERF70, which are involved in the ethylene response pathway, were analyzed at 24 hpi using qRT-PCR. b Relative expression levels of
OsACO7 and OsACS1, which are involved in the ethylene biosynthesis pathway, were analyzed at 24 hpi using qRT-PCR. c Relative expression levels
of OsEIN2, which is involved in the ethylene signaling pathway, were analyzed at 24 hpi using qRT-PCR. The gene expression levels were normalized
using three internal reference genes, OsEXP, OsEif5C and OsEXPnarsai. The data shown are the relative transcript levels compared with the control roots
(expression level set at 1). The bars represent the mean expression level ± SE from two independent biological replicates and three technical replicates,
each containing a pool of 6 plants. Asterisks indicate significantly different expression levels (p≤ 0.05). 1.2 % Biochar +Mg, 1.2 % biochar amendment
plus M. graminicola inoculation; 1.2 % Biochar, 1.2 % biochar amendment alone; Mg, M. graminicola inoculation alone; control, non-amended
and non-inoculated. d Effect of an Ein2b-RNAi mutant, which is deficient in ethylene signaling, and the wild type Nipponbare on nematode
infection at 14 dpi. The bars represent the mean of the data from three independent biological replicates, each containing 6 plants. Different
letters indicate significant differences (Duncan’s multiple range test at p ≤ 0.05)
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of nematodes. These contradictory results may have
been caused by the observation times used in the
present research, which may have been too early to de-
tect the accumulation of lignin.
Conclusion
The results presented here lead us to conclude that
biochar amendments in rice potting medium potentiate
a primed defense reaction against the RKN M. gramini-
cola and protects the plants from the negative effects of
nematode infection on plant growth. The observed acti-
vation of ET responses and H2O2 accumulation may
contribute to the capacity of biochar to suppress nema-
tode infection inside roots. Clearly, additional research
must be performed to quantify the extent to which
biochar triggers plant defense and determine the most
effective conditions to suppress nematode infection
because biochar exhibits large variability in its physical
and chemical properties [21]. Future research is also
required to characterize the effective compounds in
biochar and further identify the metabolic changes that
occur in the biochar-plant-nematode interaction system.
Methods
Biochar and plant material
Biochar prepared from holm oak wood through pyrolysis
at 650 °C for 12 to 18 h was kindly provided by PROI-
NINSO S.A. (Malaga, Spain). This biochar consists of
72.4 % dry matter (DM) (%/fresh), 77.8 % organic matter
(%/DM) and 74.2 % C (%/DM) and was recently charac-
terized and used by Vandecasteele et al. [44, 45]. The
biochar was ground to a powder of <1 mm particles and
stored in sealed containers until use. The biochar was
added in different concentrations (0.6, 1.2, 2.5, and
5.0 %) to synthetic absorbent polymer (SAP)-substrate,
which is a 1:400 (w: v) mixture of sand and a synthetic
absorbent polymer [46].
Rice seeds (Oryza sativa cv. Nipponbare) were obtained
from the US Department of Agriculture (GSOR-100). A
transgenic OsEin2b RNAi line was kindly provided by
Yinong Yang (Penn State University, State College, PA,
USA). After germination at 30 °C for 4 d, the seeds were
sown in polyvinyl-chloride (PVC) tubes containing SAP
with or without biochar and maintained in a greenhouse
at 26 °C with a 16 h/8 h light/dark regime and 70–75 %
relative humidity. Each plant was fertilized twice a week
with 20 ml of Hoagland solution. Two-week-old plants
were used for nematode inoculation.
Nematode culture and extraction
M. graminicola were maintained on O. sativa cv.
Nipponbare in a greenhouse under the same conditions
as described above. Infected roots and root galls were
cut into pieces, and the nematodes were extracted using
a modified flotation-sieving method [47]. The second-
stage juveniles (J2s) were collected with a 25-μm sieve.
Direct effect of biochar exudates on the behavior of
nematodes
Biochar was immersed in distilled water at concentra-
tions of 0.3, 0.6, 1.2, 2.5 and 5 % (v: v) for 1 week. The
suspension was centrifuged at 12,000 g for 5 min, and
the supernatant was used to test the direct toxic effect
of biochar exudates on the RKNs. Approximately 200
J2s were placed into a 3.5-cm diameter well on a 6-well
culture plate containing 1 ml of biochar exudates or
1 ml of distilled water for the mock treatment. After in-
cubation for 24 h and 72 h, 1 N NaOH was dropped into
the solution, and the nematodes that responded to the
NaOH by changing their body shape within 3 min were
considered to be alive, whereas straight nematodes that
failed to respond to the NaOH were presumed to be
dead [48]. The living and dead nematodes were counted
under a stereomicroscope (Leica S8 APO, Leica Micro-
systems, Diegem, Belgium). The experiment was per-
formed three times with 6 replicates each.
To determine the direct effect of biochar on the infect-
ivity of nematodes, the nematodes were incubated in a
biochar exudate solution for 72 h before inoculation. As
a control treatment, the nematodes were incubated in
water for 72 h before inoculation. Two hundred J2s were
inoculated on each 2-week-old rice root. At 7 and 14
dpi, the root samples were collected and stained with
acid fuchsin as described in Nahar et al. [9]. The nema-
todes inside the roots were counted using a stereomicro-
scope, and the total number of nematodes as well as the
different developmental stages was counted.
Attraction bioassays
A nematode attraction test was performed as described
by Wang et al. [49]. First, 23 g of pluronic F-127 powder
(Sigma Aldrich, Brussels, Belgium) was added to 100 ml
of sterile water and allowed to dissolve with stirring at
4 °C for 24 h. The rice roots from 2-week-old plants
were drenched with 20 ml of 1.2 % biochar exudates or
water. One day later, a 1-cm-long root tip was cut and
placed into a 3.5-cm well in a 6-well culture plate
containing 1 ml of pluronic gel and approximately 200
J2s. The nematodes in the vicinity of the root elongation
zone were counted at 9 h post-inoculation (hpi), and
photographs were taken under a Leica stereomicroscope
with a DFC400 camera. The experiment was performed
three times with 6 replicates each.
Resistance induced by biochar amendment
These experiments were designed to determine whether
biochar amendments were effective at inducing rice defense
against RKNs. Each 2-week-old rice plant maintained in
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SAP medium containing the appropriate concentration of
biochar or control (only SAP) was inoculated with ap-
proximately 200 J2s. At 14 dpi, the root length, shoot
length and fresh weight of the rice plants were measured,
and the root samples were stained using the acid fuchsin
method [9]. The nematodes in different developmental
stages were counted under the microscope. The experi-
ment was performed three times with 6 replicates each.
Microscopic examination of giant cells
Microscopic examination of the giant cells was performed
as described by Ji et al. [50]. Root galls were collected at 7
dpi, fixed in 1x PIPES buffer with 2 % glutaraldehyde over-
night, and then dehydrated in a series of ethanol dilutions
and infiltrated in Technovit 7100. The infiltrated roots
were embedded in plastic cubes filled with Technovit
7100 plus Hardener II as described by the manufacturer.
The embedded gall tissues were sectioned into 10-μm
slices with a Leica RM2265 motorized rotary microtome
(Leica Microsystems, Nussloch, Germany). Sections of the
galls were maintained on cover glass and stained in 0.05 %
toluidine blue for 5 min. Microscopic observations were
performed using a BX 51 system microscope (Olympus
Optical Company, Tokyo, Japan) at a 40x magnification,
and images were obtained with an Olympus ColorView III
camera. The experiment was repeated twice, and 10 galls
from each treatment were observed.
Microscopic observation of callose deposition
Callose deposition was detected according to Millet
et al. [51] with minor modifications. Briefly, rice roots
amended with 1.2 % biochar or untreated control plants
were collected at 7 dpi. Ten root galls from each treat-
ment were collected and fixed in a 3:1 ethanol: acetic
acid solution overnight and then dehydrated in ethanol
dilutions of 70, 50, and 30 % in sequence. Finally, the
root galls were stained with 0.01 % aniline blue solution
using vacuum infiltration. Callose deposition of the root
galls was examined under UV light using a Nikon Eclipse
Ti-E epifluorescence microscope (excitation, 390 nm; emis-
sion 460 nm). Quantification of the callose depositions was
performed using ImageJ software.
H2O2 and lignin quantitation
The in planta accumulation of H2O2 in the rice roots
was determined using the trichloroacetic acid (TCA)
method [52]. The roots of rice plants grown in SAP
amended with 1.2 % biochar or the roots of untreated
control plant roots were collected at 6, 24, and 72 hpi
with RKNs. One hundred milligrams of fresh root tissue
was ground in liquid nitrogen and homogenized with
0.8 ml of 0.1 % TCA. The homogenate was centrifuged,
and the same volume of 10 mM potassium phosphate
buffer (PPB, pH 7.0) and 1 M KI was added as the
supernatant. The absorbance of the supernatant was
read at 390 nm using a CLARIOstar microplate reader
(BMG Labtech, Temse, Belgium). The concentration of
H2O2 was estimated using a standard curve, where
0.1 μm to 1 mM H2O2 was diluted with the same ratio
of TCA, PPB and KI. Each experiment was performed
twice with 4 replicate samples each, and each replicate
was a pool of 6 individual plants.
The accumulation of lignin was quantified according
to the acetyl bromide (AcBr) method as described by
Vanholme et al. [53]. The roots of rice plant grown in
SAP amended with 1.2 % biochar or the roots of
untreated control plant roots were collected just before
inoculation (0 h) and 24 h after inoculation with the
RKNs. The fresh roots were dried in a speedvac (−20 °C,
3 days) and ground in a mortar with liquid nitrogen.
The ground subsamples (at least 5 mg) were subjected
to sequential extractions in 2-ml plastic tubes for 30 min
(each) using water (98 °C), ethanol (76 °C), chloroform
(59 °C), and acetone (54 °C). The remaining cell wall
residue was dried and weighed again. The absorbance of
lignin was measured at 280 nm using a Nano-Drop®
ND-1000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA). The lignin concentration was
calculated using the law of Bouguer-Lambert-Beer,
where A = є × l × c, є = 17.75 l g−1 cm−1 and l = 0.1 cm
[54]. Each experiment was performed twice with 4 repli-
cate samples each. Each replicate was pooled from 6
individual plants.
RNA extraction, reverse transcription and qRT-PCR
To detect the expression level of different plant defense-
related genes, the roots of rice plants grown in SAP
amended with 1.2 % biochar or the roots of untreated
control plants were collected at 24 hpi. In each treat-
ment, the roots of six plants were pooled and ground in
liquid nitrogen. RNA extraction was performed using
the NucleoSpin kit (Macherey-Nagel, Düren, Germany),
which includes a DNase treatment. In total, 2 μg of RNA
was used to synthesize cDNA with the SuperScript® II Re-
verse Transcriptase Kit (Invitrogen, Karlsrube, Germany).
The primer sequences of defense-related genes and
internal reference genes are listed in Table 1. All of the
qRT-PCR reactions were performed in triplicate with two
independent biological replicates. The qRT-PCR reactions
were run on a Rotor-Gene RG-3000 machine (Corbett Life
Science, Belgium) under the following conditions: 95 °C
for 5 min at 1 cycle; and 95 °C for 25 s, 58 °C for 40 s, and
72 °C for 25 s for 40 cycles. The relative transcription
levels were normalized using data from 3 internal refer-
ence genes, and statistical analyses were performed
using the software Rest 2009 [55]. The relative expres-
sion level of each gene is shown as the fold change
compared with the transcript level in the non-amended
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and non-inoculated control plants (set at an expression
level of 1).
Statistical analysis
Except for the qRT-PCR data, which were analyzed as
described above, all of the other statistical analyses
were performed using SAS software version 8.0 (SAS
Institute, Cary, NC). After checking for normality and
homoscedasticity, significant differences among the treat-
ments were determined according to the Duncan’s mul-
tiple range test.
Abbreviations
RKN: Root-knot nematode; IR: Induced resistance; SAR: Systemic acquired
resistance; PR: Pathogenesis-related; SA: Salicylic acid; ISR: Induced systemic
resistance; PGPR: Plant growth-promoting rhizobacteria; PGPF: Plant growth-
promoting fungi; ET: Ethylene; JA: Jasmonic acid; H2O2: Hydrogen peroxide;
SAP: Synthetic absorbent polymer; PVC: polyvinyl chloride; DPI: Days post
inoculation; TCA: Trichloroacetic acid; PPB: Potassium phosphate buffer.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
TK and GG conceived the study and supervised all of the experiments. WKH
performed most of the experiments. HLJ participated in the nematode
inoculation experiment and qRT-PCR analysis. JD provided the biochar and
helped to draft the manuscript. WKH, TK and HLJ discussed the results and
wrote the manuscript. All authors read and approved the final manuscript.
Acknowledgments
We acknowledge the financial support of GOA 01GB3013, the National Basic
Research Program of China (2013CB127502) and the National Science
Foundation Project (31272022). TK is supported by an FWO postdoctoral
fellowship. WKH was funded by the China Scholarship Council. We are
grateful to Dr. Kristof De Schutter for his assistance in the microscopic
observations and H2O2 measurements.
The biochar was produced within the FERTIPLUS project (Grant Agreement
N° 289853), which is co-funded by the European Commission, Directorate
General for Research & Innovation, within the 7th Framework Programme of
RTD, Theme 2-Biotechnologies, Agriculture & Food. The views and opinions
expressed in this paper are purely those of the writers and may not under
any circumstance be regarded as stating an official position of the European
Commission. We are grateful to PROININSO S.A. for providing the biochar.
Author details
1Department of Molecular Biotechnology, Ghent University, Coupure Links
653, B-9000 Ghent, Belgium. 2State Key Laboratory for Biology of Plant
Diseases and Insect Pests, Institute of Plant Protection, Chinese Academy of
Agricultural Sciences, 100193 Beijing, P. R. China. 3Institute of Plant
Protection, Sichuan Academy of Agricultural Sciences, Jingjusi Road 20,
610066 Chengdu, P. R. China. 4Plant Sciences Unit – Plant Protection,
Institute for Agricultural and Fisheries Research (ILVO), Burg. van
Gansberghelaan 96, 9820 Merelbeke, Belgium.
Received: 16 August 2015 Accepted: 23 October 2015
References
1. FAO. Cereal supply and demand brief. 2015, Kyndt T, Fernandez D, Gheysen G.
Plant-parasitic nematode infections in rice: molecular and cellular insights. Annu
Rev Phytopathol. 2014;52:135–53. doi:10.1146/annurev-phyto-102313-050111.
Table 1 Primers of the reference and target genes used in qRT-PCR analysis, with GenBank accession/locus numbers
Genes GenBank accession or locus number Primer sequences (5’→ 3’) Function
OsEif5C SM00515 F: CACGTTACGGTGACACCTTTT Reference gene
R: GACGCTCTCCTTCTTCCTCAG
OsEXP LOC_Os03g27010 F: TGTGAGCAGCTTCTCGTTTG Reference gene
R: TGTTGTTGCCTGTGAGATCG
OsEXPnarsai LOC_Os07g02340 F: AGGAACATGGAGAAGAACAAGG Reference gene
R: CAGAGGTGGTGCAGATGAAA
OsGSL1 AP001389 F: TGAGGACCTGCCACGATT Callose biosynthesis
R: CACGCTGATTGCGAACAT
OsRbohB NM001049555.1 F: CTGGACAGGACCAAGAGCAG H2O2 production
R: ATCTTGAACGGAGCAGCACA
OsEBP89 LOC_Os03g08460 F: TGACGATCTTGCTGAACTGAA ET response
R: CAATCCCACAAACTTTACACA
OsERF70 AF193803.1 F: ACCTTGGGGGTAGCATATCG ET response
R: AGGGAACAGGTCCAATCACC
OsERF1 LOC_Os04g46220 F: GAGTCGTCCTTCTCCTCCTC ET response
R: CCTCTCTTTCTCCGTTTCG
OsACS1 AK071011 F: GATGGTCTCGGATGATCACA ET biosynthesis
R: GTCGGGGGAAAACTGAAAAT
OsACO7 LOC_Os01g39860 F: GGACTACTACCAGGGCACCA ET biosynthesis
R: GATTAGCGCACGCGATTTTA
OsEIN2 LOC_Os07g06130 F: TAGGGGGACTTTGACCATTG ET signaling
R: TGGAAGGGACCAGAAGTGTT
Huang et al. BMC Plant Biology  (2015) 15:267 Page 13 of 15
2. Kyndt T, Fernandez D, Gheysen G. Plant-parasitic nematode infections in
rice: molecular and cellular insights. Annu Rev Phytopathol. 2014;52:135–53.
doi:10.1146/annurev-phyto-102313-050111.
3. Bridge J, Plowright RA, Peng D. Nematode parasites of rice. In: MLuc RAS,
Bridge J, editors. Plant-parasitic nematodes in subtropical and tropical
agriculture. Wallingford: CAB International; 2005. p. 87–130.
4. Davis EL, Hussey RS, Baum TJ, Bakker J, Schots A, Rosso MN, et al.
Nematode parasitism genes. Annu Rev Phytopathol. 2000;38:365–96.
doi:10.1146/annurev.phyto.38.1.365.
5. Gheysen G, Mitchum MG. Molecular insights in the susceptible plant
response to nematode infection. Plant Cell Monogram. 2009;15:45–81.
6. Vallad GE, Goodman RM. Systemic acquired resistance and induced
systemic resistance in conventional agriculture. Crop Sci. 2004;44:1920–34.
doi:10.2135/cropsci2004.1920.
7. Elad Y, David DR, Harel YM, Borenshtein M, Kalifa HB, Silber A, et al. Induction
of systemic resistance in plants by biochar, a soil-applied carbon sequestering
agent. Phytopathol. 2010;100:913–21. doi:10.1094/PHYTO-100-9-0913.
8. Van Wees SC, Pieterse CM, Trijssenaar A, Van’t Westende YA, Hartog F,
Van Loon LC. Differential induction of systemic resistance in Arabidopsis
by biocontrol bacteria. Mol Plant Microbe Interact. 1997;10:716–24.
doi:10.1094/MPMI.1997.10.6.716.
9. Nahar K, Kyndt T, De Vleesschauwer D, Höfte M, Gheysen G. The jasmonate
pathway is a key player in systemically induced defense against root knot
nematodes in rice. Plant Physiol. 2011;157:305–16. doi:10.1104/pp. 111.177576.
10. Cooper WR, Jia L, Goggin L. Effects of jasmonate-induced defenses on
root-knot nematode infection of resistant and susceptible tomato
cultivars. J Chem Ecol. 2005;31:1953–67. doi:10.1007/s10886-005-6070-y.
11. Bhattarai KK, Xie QG, Mantelin S, Bishnoi U, Girke T, Navarre DA, et al.
Tomato susceptibility to root-knot nematodes requires an intact jasmonic
acid signaling pathway. Mol Plant Microbe Interact. 2008;21:1205–14.
doi:10.1094/MPMI-21-9-1205.
12. Fudali SL, Wang C, Williamson VM. Ethylene signaling pathway modulates
attractiveness of host roots to the root-knot nematode Meloidogyne hapla.
Mol Plant Microbe Interact. 2013;26:75–86. doi:10.1094/MPMI-05-12-0107-R.
13. Glazer I, Orion D, Apelbaum A. Ethylene production by Meloidogyne
spp.-Infected plants. J Nematol. 1985;17:61–3.
14. Ji H, Kyndt T, He W, Vanholme B, Gheysen G. β-aminobutyric acid-
induced resistance against root-knot nematodes in rice is based on
increased basal defense. Mol Plant Microbe Interact. 2015;28:519–33.
doi:10.1094/MPMI-09-14-0260-R.
15. Chan KY, Van Zwieten L, Meszaros I, Downie A, Joseph S. Agronomic values
of greenwaste biochar as a soil amendment. Aust J Soil Res. 2007;45:629–34.
doi:10.1071/SR07109.
16. Lehmann J, Pereira da Silva J, Steiner Jr C, Nehls T, Zec W, Glaser B. Nutrient
availability and leaching in an archaeological anthrosol and a ferralsol of the
Central Amazon basin: fertilizer, manure and charcoal amendments. Plant
Soil. 2003;249:343–57.
17. Steiner C, Teixeira WG, Lehmann J, Nehls T, de Macêdo JLV, Blum
WEH, et al. Long term effects of manure, charcoal and mineral
fertilization on crop production and fertility on a highly weathered
Central Amazonian upland soil. Plant Soil. 2007;291:275–90.
doi:10.1007/s11104-007-9193-9.
18. Liang B, Lehmann J, Solomon D, Kinyangi J, Grossman J, O’Neill B, et al.
Black carbon increases cation exchange capacity in soils. Soil Sci Soc Am J.
2006;70:1719–30. doi:10.2136/sssaj2005.0383.
19. Novak JM, Busscher WJ, Laird DL, Ahmedna M, Watts DW, Niandou MAS.
Impact of biochar amendment on fertility of a southeastern coastal plain
soil. Soil Sci. 2009;174:105–12. doi:10.1097/SS.0b013e3181981d9a.
20. Warnock DD, Lehmann J, Kuyper TW, Rillig MC. Mycorrhizal responses to
biochar in soil-concepts and mechanisms. Plant Soil. 2007;300:9–20.
doi:10.1007/s11104-007-9391-5.
21. Lehmann J, Rillig MC, Thies J, Masiello CA, Hockaday WC, Crowley D.
Biochar effects on soil biota: a review. Soil Biol Biochem. 2011;43:1812–36.
doi:10.1016/j.soilbio.2011.04.022.
22. Harel Y, Elad Y, Rav-David D, Borenstein M, Shulchani R, Lew B, et al.
Biochar mediates systemic response of strawberry to foliar fungal
pathogens. Plant Soil. 2012;357:245–57. doi:10.1007/s11104-012-1129-3.
23. Graber ER, Meller Harel Y, Kolton M, Cytryn E, Silber A, Rav David D,
et al. Biochar impact on development and productivity of pepper and
tomato grown in fertigated soilless media. Plant Soil. 2010;337:481–96.
doi:10.1007/s11104-010-0544-6.
24. Hermosa R, Viterbo A, Chet I, Monte E. Plant-beneficial effects of trichoderma
and of its genes. Microbiology. 2012;158:17–25. doi:10.1099/mic.0.052274-0.
25. Mehari ZH, Elad Y, Rav-David D, Graber ER, Meller Harel Y. Induced
systemic resistance in tomato (Solanum lycopersicum) against Botrytis
cinerea by biochar amendment involves jasmonic acid signaling. Plant
Soil. 2015;1-14. doi:10.1007/s1114-015-2445-1.
26. Rahman L, Whitelaw-Weckert MA, Orchard B. Impact of organic soil
amendments, including poultry-litter biochar, on nematodes in a
Riverina, New South Wales, vineyard. Soil Res. 2014;52:604–19.
doi:10.1071/SR14041.
27. Matlack GR. Factors determining the distribution of soil nematodes in a
commercial forest landscape. Forest Ecol Manag. 2001;146:129–43.
doi:10.1016/S0378-1127(00)00454-0.
28. Zhang X, Li Q, Liang W, Zhang M, Bao X, Xie Z. Soil nematode response to
biochar addition in a Chinese wheat field. Pedosphere. 2013;23:98–103.
doi:10.1016/S1002-0160(12)60084-8.
29. Graber ER, Tsechansky L, Khanukov J. Sorption, volatilization, and efficacy of
the fumigant 1, 3-dichloropropene in a biochar-amended soil. Soil
Chemistry. 2011;75:1365–73.
30. Jaiswal AK, Frenkel O, Elad Y, Lew B, Graber ER. Non-monotonic
influence of biochar dose on bean seedling growth and susceptibility
to rhizoctonia solani: the “shifted Rmax-effect”. Plant Soil. 2014;1-16.
doi:10.1007/s11104-014-2331-2.
31. Hiltpold I, Jaffuel G, Turlings TC. The dual effects of root-cap exudates
on nematodes: from quiescence in plant-parasitic nematodes to
frenzy in entomopathogenic nematodes. J Exp Bot. 2015;66:603–11.
doi:10.1093/jxb/eru345.
32. Wong HL, Pinontoan R, Hayashi K, Tabata R, Yaeno T, Hasegawa K, et al.
Regulation of rice NADPH oxidase by binding of Rac GTPase to its
N-terminal extension. Plant Cell. 2007;19:4022–34. doi:10.1105/tpc.107.055624.
33. Boerjan W, Ralph J, Baucher M. Lignin biosynthesis. Annu Rev Plant Biol.
2003;54:519–46. doi:10.1146/annurev.arplant.54.031902.134938.
34. Wuyts N, Lognay G, Verscheure M, Marlier M, De Waele D, Swennen
R. Potential physical and chemical barriers to infection by the
burrowing nematode Radopholus similis in roots of susceptible and
resistant banana (Musa spp.). Plant Pathol. 2007;56:878–90.
doi:10.1111/j.1365-3059.2007.01607.x.
35. Spokas KA, Baker JM, Reicosky DC. Ethylene: potential key for biochar
amendment impacts. Plant Soil. 2010;333:443–52. doi:10.1007/s11104-010-0359-5.
36. Elad Y, Cytryn E, Meller Harel Y, LEW B, Graber ER. The biochar effect: plant
resistance to biotic stresses. Phytopathol Mediterr. 2011;50:335–49.
37. Ali MA, Abbas A, Kreil DP, Bohlmann H. Overexpression of the transcription
factor RAP26 leads to enhanced callose deposition in syncytia and
enhanced resistance against the beet cyst nematode Heterodera schachtii in
Arabidopsis roots. BMC Plant Biol. 2013;13:47. doi:10.1186/1471-2229-13-47.
38. Voigt CA. Callose-mediated resistance to pathogenic intruders in plant
defense-related papillae. Front Plant Sci. 2014;5:168. doi:10.3389/fpls.2014.00168.
39. Kyndt T, Vieira P, Gheysen G, Almeida‑Engler J. Nematode feeding sites: Unique
organs in plant roots. Planta. 2013; 238(5). doi:10.1007/s00425-013-1923-z
40. Viger M, Hancock RD, Miglietta F, Taylor G. More plant growth but less plant
defence? First global gene expression data for plants grown in soil amended
with biochar. GCB Bioenerg. 2015;7:658–72. doi:10.1111/gcbb.12182.
41. Vandenabeele S, Van Der Kelen K, Dat J, Gadjev I, Boonefaes T, Morsa S,
et al. A comprehensive analysis of hydrogen peroxide-induced gene
expression in tobacco. Proc Natl Acad Sci U S A. 2003;100(26):16113–8.
42. Fang G, Gao J, Liu C, Dionysiou DD, Wang Y, Zhou D. Key role of
persistent free radicals in hydrogen peroxide activation by biochar:
implications to organic contaminant degradation. Environ Sci Technol.
2014;48:1902–10. doi:10.1021/es4048126.
43. Taheri P, Tarighi S. Riboflavin induces resistance in rice against rhizoctonia
solani via jasmonate-mediated priming of phenylpropanoid pathway.
J Plant Physiol. 2010;167:201–8. doi:10.1016/j.jplph.2009.08.003.
44. Vandecasteele B, Reubens B, Willekens K, De Neve S. Composting
for increasing the fertilizer value of chicken manure: effects of
feedstock on P availability. Waste Biomass Valor. 2014;5:491–503.
doi:10.1007/s12649-013-9264-5.
45. Vandecasteele B, Sinicco T, D’Hose T, Vanden Nest T, Mondini C. Biochar
amendment during composting or compost storage affects compost
quality and N losses but not P plant uptake. Submitted.
46. Reversat G, Boyer J, Pando-Bahuon A, Sannier C. Use of a mixture of sand
and water-absorbent synthetic polymer as substrate for the xenic culturing
Huang et al. BMC Plant Biology  (2015) 15:267 Page 14 of 15
of plant-parasitic nematodes in the laboratory. Nematology. 1999;1:209–12.
doi:10.1163/156854199508027.
47. Byrd DWJR, Nusbaum CJ, Barker KR. A rapid flotation-sieving technique for
extracting nematodes from soil. Plant Dis Rep. 1966;50:954–57.
48. Chen SY, Dickson DW. A technique for determining live second-stage
juveniles of Heterodera glycines. J Nematol. 2000;32:117–21.
49. Wang C, Bruening G, Williamson VM. Determination of preferred pH for
root-knot nematode aggregation using pluronic F-127gel. J Chem Ecol.
2009;35:1242–51.
50. Ji H, Gheysen G, Denil S, Lindsey K, Topping JF, Nahar K, et al.
Transcriptional analysis through RNA sequencing of giant cells induced by
Meloidogyne graminicola in rice roots. J Exp Bot. 2013;64:3885–98.
doi:10.1093/jxb/ert219.
51. Millet YA, Danna CH, Clay NK, Songnuan W, Simon MD, Werck-Reichhart D, et al.
Innate immune responses activated in Arabidopsis roots by microbe-associated
molecular patterns. Plant Cell. 2010;22:973–90. doi:10.1105/tpc.109.069658.
52. Velikova V, Yordanov I, Edreva A. Oxidative stress and some antioxidant
systems in acid rain-treated bean plants, protective role of exogenous
polyamines. Plant Sci. 2000;151:59–66. doi:10.1016/S0168-9452(99)00197-1.
53. Vanholme B, Cesarino I, Goeminne G, Kim H, Marroni F, Van Acker R, et al.
Breeding with rare defective alleles (BRDA): a natural populus nigra HCT
mutant with modified lignin as a case study. New Phytol. 2013;198:765–76.
doi:10.1111/nph.12179.
54. Vega-Sánchez ME, Verhertbruggen Y, Christensen U, Chen X, Sharma V,
Varanasi P, et al. Loss of cellulose synthase-like F6 function affects
mixed-linkage glucan deposition, cell wall mechanical properties, and defense
responses in vegetative tissues of rice. Plant Physiol. 2012;159:56–69.
55. Pfaffl MW, Horgan GW, Dempfle L. Relative expression software tool (REST)
for group-wise comparison and statistical analysis of relative expression
results in real-time PCR. Nucleic Acids Res. 2002;30:e36.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Huang et al. BMC Plant Biology  (2015) 15:267 Page 15 of 15
